Vascular inflammation, including the expression of inflammatory cytokines in endothelial cells, plays a critical role in hyperhomocysteinaemia-associated vascular diseases. Cathepsin V, specifically expressed in humans, is involved in vascular diseases through its elastolytic and collagenolytic activities. The aim of this study was to determine the effects of cathepsin V on Lhomocysteine-induced vascular inflammation.
Introduction
Vascular inflammation is an early and vital event in the development of vascular disease, including hypertension (Poddar et al., 2001; Kamat et al., 2013; Han et al., 2015) and atherosclerosis (Libby, 2012) . In the pathological process of vascular inflammation, vascular endothelial cells release inflammatory cytokines, vasoactive substances and proteases, which results in leukocyte infiltration, extracellular matrix degradation, smooth muscle cell proliferation and migration (Li et al., 2012a; Jung et al., 2014; Gulati, 2016) . Moreover, inflammatory cytokines can induce the expression of cell adhesion molecules, and the release of vasoactive substances and proteases in vascular endothelial cells (Li et al., 2012a; Donato et al., 2015; Luo et al., 2016) . The release of inflammatory cytokines from vascular endothelial cells is the basis of vascular inflammation.
Indeed, homocysteine (Hcy) induces vascular inflammation through the release of inflammatory cytokines from vascular endothelial cells, such as IL-6, IL-8 and TNF-α (Kamat et al., 2013; Han et al., 2015; Li et al., 2016) . Homocysteine is an intermediate product formed during the metabolism of methionine and increased levels are seen in cells with a folate deficiency (Chou et al., 2013) or a polymorphism of the methylenetetrahydrofolate reductase, cystathione-β-synthase and methionine synthase genes (Nienaber-Rousseau et al., 2013) . Folic acid supplementation, only in part, reduces the incidence of cardiovascular events (Huo et al., 2015) . Thus, further studies are needed to elucidate the mechanism of homocysteine-induced vascular inflammation, so as to identify new intervention targets.
Cathepsins are lysosomal cysteine proteases and belong to the papain family of proteases that comprises 11 members, while endothelial cells mainly express cathepsin K, B, S, L and V (Reichenbach et al., 2013; Platt and Shockey, 2016) . The elastolytic and collagenolytic activities of cathepsins are involved in vascular remodelling and inflammation (Du et al., 2013) . Cathepsins are released by endothelial cells that sense and respond to TNF-α (Keegan et al., 2012) . The serum levels of cathepsins are associated with inflammatory cytokine levels in patients with cardiovascular diseases (Li et al., 2012b) . However, it was recently reported that cathepsin V, which is specifically expressed in humans (Zhou et al., 2015) , increases the expression of the inflammatory cytokine TNF-α in macrophages (Pribis et al., 2015) . The actual relationship between inflammatory cytokines and cathepsin V in vascular endothelial cells and potential mechanisms through which they effect each other has not been elucidated.
Homocysteine induces the release of inflammatory cytokines from vascular endothelial cells, and cathepsin V is associated with the expression of inflammatory cytokines. Therefore, we hypothesized that L-homocysteine-induced upregulation of cathepsin V promotes the expression of inflammatory cytokines in endothelial cells to induce vascular inflammation under high homocysteine conditions. We accidentally discovered that cathepsin L (human cathepsin V homologous) was increased in the thoracic aorta endothelial cells of hyperhomocysteinaemic mice, and the cathepsin V mRNA level is increased significantly more than other members of the cathepsin family following stimulation of HUVECs with L-homocysteine (Supporting Information Figure S1 ). Moreover, our preliminary studies revealed that cathepsin V dramatically promoted the expression of inflammatory cytokines in HUVECs.
The phosphorylation and subsequent nuclear translocation of MAPKs, including ERK1/2, p38 and JNK, are increased on stimulation with homocysteine (Zanin et al., 2015) , and dual-specificity protein phosphotases (DUSPs) can recognize and inactivate MAPKs (Owens and Keyse, 2007) . It has also been shown that the Ets-like transcription factor-1, ELK1 (Robert et al., 2005) , STAT1 (Frau et al., 2013) and STAT3 (Li et al., 2012a) are involved in homocysteineinduced expression of inflammatory cytokines. We have investigated the effects of cathepsin V on these signalling pathways. Homocysteine has also been shown to increase intracellular S-adenosylhomocysteine (SAH) levels, which is a major endogenous inhibitor of DNA methyltransferase (DNMT), thereby promoting the transcription of the target gene (Lin et al., 2014) . We compared the changes in expression of cathepsin V induced in HUVECs incubated separately with either L-homocysteine, SAH (endogenous DNMT inhibitor) or 5-aza-2 0 -deoxycytidine (5-AZA) (exogenous DNMT inhibitor) to assess the role of the DNMT pathway in L-homocysteine-induced expression of cathepsin V. We also evaluated the DNA methylation status of cathepsin V following L-homocysteine stimulation in HUVECs by bisulfite sequencing PCR (BSP).
Methods

Cell culture
The HUVECs were maintained in DMEM/F12 medium containing 10% v . v -1 heat-inactivated FBS. The cells were incubated at 37°C in a humidified atmosphere of 5% CO 2 . When the cells reached 80% confluence in the culture flask, trypsin-EDTA was used to remove the cells, and the cells were used in experiments or reseeded in a flask. L-Hcy was prepared at 100 mM in PBS, and SID was prepared at 5 mM in DMSO and was stored at À20°C and reconstituted in the appropriate media before the experiments.
Animals
Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) . The Animal Ethics Committee of Central South University approved the procedures used for the animal studies. Male C57BL/6 mice (5 weeks old) were supplied by the Hunan Slac Laboratory Animal Company (Changsha, China) and were maintained in our animal facility under controlled temperature (22-24°C) and humidity (50-60%) with a 12 h light/dark cycle and had free access to food (standard rat and mouse food supplied by Beijing KA) and water. The mice were kept for at least 1 week before experimental use and then divided into four groups: control, vehicle (PBS-DMSO) i.p. injection for 1 month only, once every 2 days; hyperhomocysteinaemia (HHcy), 2% (m . v -1 ) methionine/drinking water for 2 months plus vehicle i.p. injection; HHcy + SID, 2% (m . v -1 ) methionine/drinking water for 2 months plus SID (once every 2 days, 2.5 mg·kg À1 body weight) i.p. injection for 1 month; and SID, SID infusion only. After the last administration, the mice were anaesthetized and killed with 4% chloral hydrate (400 mg·kg À1 body weight, i.p.), the plasma and thoracic aorta were used for further experiments. This high methionine diet-induced hyperhomocysteinaemic mice model has been in use for several years (Tan et al., 2006) .
Real-time cellular analysis (RTCA)
RTCA is a non-invasive, impedance-based biosensor system that can measure cell viability, migration, growth, spreading and proliferation. Changes in cell morphology and behaviour are continuously monitored in real time using microelectronics located in the wells of the RTCA E-plates (Stefanowicz-Hajduk et al., 2016) . As cells adhere to the biocompatible gold microelectrodes that line the well bottoms in an E-plate, they impede the flow of electric current between electrodes. This impedance signal is converted to a specific parameter called cell index. 
Adenovirus infection
Recombinant adenoviruses encoding eGFP (Adv-Control) and the human cathepsin V (Adv-Cathepsin V) were purchased from Genechem (Shanghai, China). For cell infection, HUVECs were seeded in six-well plates or glass bottom cell culture dishes at 37°C overnight. The Adv-Control (1:50 plaque-forming unit) or Adv-Cathepsin V (1:200 plaqueforming unit) was added to the cells for 48 h. After treatment, cells were harvested for Western blot analysis, or fixed for immunofluorescent staining.
Transfection of siRNA
Control, cathepsin V and STAT1 siRNAs were purchased from Ribobio (Guangzhou, China). These siRNAs were transfected into HUVECs maintained in six-well plates using Lipo2000 Transfection Reagent (Invitrogen, Carlsbad, CA, USA). Sixty picomoles of siRNA was diluted in 0.1 mL of DMEM/F12 medium without serum for 5 min, and the Lipo2000 Transfection Reagent (3 μL) was diluted in FBS-free DMEM/F12 for 5 min. These two reagents were mixed together and incubated at room temperature for 20 min. The cell culture medium was removed from the wells of the six-well plates, and the mixture of siRNA and Lipo2000 Transfection Reagent was added to each well, and a final volume was added to 1 mL using FBS-free DMEM/F12 for 5 h. The transfection mixture was removed, and then, 2 mL of DMEM/F12 containing 10% FBS was added to the well. The cells were incubated for 24 h and then were treated with or without 2.0 mM L-Hcy for another 24 h.
Western blot analysis
After treatment, the cells were washed twice with cold PBS. One hundred microlitres of cell lysis buffer [20 mM Tris (pH 7.5), 150 mM NaCl, 1% Triton X-100] with 1% 100 mM PMSF and 100 mM sodium orthovanadate was added to each well for 15 min on ice. The lysate was centrifuged at 12 000 g for 15 min, and the protein in the supernatant were collected. The protein concentrations were measured using a bicinchoninic acid assay. Thirty micrograms of each protein lysate was resolved by SDS-PAGE using 12% gels, and the proteins were then transferred to PVDF membranes (Millipore, Bedford, MA, USA). Nonspecific interactions were blocked with 5% skimmed milk (blocking with 5% BSA for detecting phosphorylation antibody) for 2 h, and the membranes were then probed with the indicated primary antibodies overnight at 4°C. The membranes were incubated with the appropriate secondary antibodies conjugated with peroxidase. The blots were exposed to advansta western bright ECL (Adcansta lnc., Menlo park, CA, USA). Images were collected using ChemiDoc ™ MP Imaging System (Bio-Rad, Hercules, CA, USA).
Bands on immunoblots were quantified by densitometry using Image Lab software (version 5.1, Bio-Rad).
Real-time PCR analysis
After treatment, the cells were washed twice with cold PBS and were collected by scraping. Total RNA was prepared using TRIzol according to the manufacturer's instructions, and the cDNA was synthesized from 3 μg of total RNA using reverse transcriptase (Thermo Fisher Scientific, Waltham, MA, USA). Real-time PCR was performed using the SYBR Green Master Mix (Bio-Rad) and a C1000 Touch thermal cycler (Bio-Rad).
The detector was programmed with the following PCR conditions: 40 cycles for 5 s denaturation at 95°C and 30 s amplification at 60°C. All of the reactions were normalized to the housekeeping gene GAPDH.
Immunohistochemical staining
Thoracic aorta was fixed and sectioned at 5 μm. Following an overnight incubation with an anti-cathepsin L antibody (1:50, Abcam, Cambridge, UK) or an anti-CD45 antibody (1:50, Proteintech, Rosemont, IL, USA), the slides were incubated for 1 h with HRP-conjugated secondary antibodies (1:200, Proteintech). Images were collected using a Nikon eclipse Ci microscope (Nikon, Tokyo, Japan).
Adhesion of monocytes to HUVECs
THP-1 mononuclear cells were labelled with PKH26 (Sigma, St. Louis, MO, USA) according to manufacturer's protocol. Briefly, THP-1 mononuclear cells were washed twice with PBS and suspended in diluent 'C'. Equal volumes of the cell suspension and PKH26 were mixed and incubated at room temperature for 5 min; serum-containing media were added to the samples to stop the reaction, and it was washed three times with PBS. The PKH26-labelled THP-1 cells (5 × 10 4 cells per well) were incubated with the HUVECs for 30 min in six plates. The adherent monocytes from five randomly selected imaged areas were viewed by fluorescence microscopy (Leica, Germany) and counted using the National Institutes of Health Image J 1.50 software.
Neutrophil chemotaxis assay
Blood was collected from healthy human volunteers for isolation of neutrophils. All experiments were conducted with the approval of The Third Xiangya Hospital of Central South University Institutional Review Board. Blood was collected into EDTA-sprayed tubes. The plasma was separated by centrifugation at 2000 g for 10 min, and the neutrophils were isolated using Ficoll-Hypaque Plus (GE Healthcare Biosciences, Uppsala, Sweden) density gradient. Red blood cell lysis buffer (BD, Franklin Lakes, NJ, USA) was used to remove the residual erythrocytes. The final pellet of neutrophils was resuspended in PBS and labelled with PKH26. Transwell chemotaxis assays were carried out to assess neutrophil recruitment to the endothelial cells using 5 μm transwell (Corning, One Riverfront Plaza, NY, USA). Briefly, HUVECs were seeded into 24-well plates and were grown until confluent. The cells were then pre-incubated with or without L-Hcy or SID for 24 h. The PKH26-labelled neutrophils (2 × 10 5 cells per well) were then added to the top chambers above the HUVEC monolayer and allowed to migrate. After 2 h, the cells under the chambers were resuspended and then centrifuged at 1000 g for 5 min in the original well. PKH26-labelled neutrophils that had migrated to the bottom chamber were viewed by fluorescence microscopy and counted using the National Institutes of Health Image J 1.50 software.
Confocal microscopy for cathepsin V, ERK1/2, p38 and JNK localization
HUVECs were plated at a density of 1 × 10 4 cells in 15 mm glass bottom cell culture dishes (NEST Biotechnology, Wuxi, China) and were grown at 37°C overnight. The cells were treated with L-Hcy for 24 h or Adv-Cathepsin V for 48 h. After treatment, the cells were washed twice with PBS and fixed by incubation in 4% paraformaldehyde for 15 min. The cells were then washed with PBS three times and permeabilized by 0.1% Triton-X 100 for 20 min at room temperature. The glass bottom cell culture dishes were blocked in 5% BSA for 1 h at room temperature. Antibodies targeting the cathepsin V, ERK1/2, p38 and JNK (1:50) were added to the 1% BSA solution, and cells were separately incubated with these antibodies overnight at 4°C. The cells were washed three times with PBST, according to the source of the primary antibody followed by further incubation with a Cy3-conjugated goat anti-mouse antibody or a Cy3-conjugated goat anti-rabbit antibody (Keygen Biotech, Nanjing, China, 1:200) for 60 min at room temperature and then washed three times with PBST. For nuclear staining, a DAPI solution (Keygen Biotech) was added at a final concentration of 0.1 μg·mL À1 and incubated for 10 min in the dark. The glass bottom cell culture dishes were subsequently washed three times with PBST. The localization of cathepsin V, ERK1/2, p38 and JNK was imaged using the Olympus FV-1000 spectral detector confocal system (Olympus Optical Co., Ltd, Japan).
Preparation of nuclear and cytoplasmic extracts
Cytoplasmic and nuclear fractions were isolated using a Nuclear and Cytoplasmic Extraction Kit (CWBIO, Beijing, China) according to the procedure described by the manufacturer. Briefly, harvested cells in suspension were subjected to low-speed centrifugation (500 g for 3 min) and washed twice in cold PBS. Then 1 mL 'Nc-Buffer A' was added to 1 × 10 7 cells, vortexed for 15 s and the cells placed on ice for 20 min; 55 μL of 'Nc-Buffer B' was added, the samples were vortexed for 5 s and placed on ice for 1 min. The cell samples were then centrifuged for 15 min at 13 000 g in a microcentrifuge at 4°C and the supernatant (cytosol fraction) transferred to a fresh pre-chilled 1.5 mL tube; 500 μL 'Nc-Buffer C' was added to the pellet, the sample was vortexed for 5 s and incubated on ice for 10 min. The 5 s vortexing and 10 min incubation procedures were repeated four times, before the sample was centrifuged for 15 min at 13 000 g in a microcentrifuge at 4°C and the supernatant (nuclear extract) transferred to a fresh pre-chilled 1.5 mL tube. The fractions were stored at À80°C before use.
ELISA
The levels of cathepsin V and chemokines in the supernatants or plasma were measured using ELISA kits according to the manufacturer's instructions. The levels of cathepsin V, IL-6, IL-8, CXCL15 and TNF-α were determined based on the absorbance at 450 nm, measured using EnSpire Multimode Plate Readers (PerkinElmer, Fremont, CA, USA).
Assessment of cathepsin Vactivity
After treatment, samples from a six-well plate of HUVECs were digested and washed three times with PBS; the final pellet of HUVECs was resuspended in 100 μL of 25 mM MES, 5 mM DTT, pH 5.5. After 3 cycles of freezing (À80°C, 3 min) and thawing (37°C, 3 min), the cell extracts were centrifuged at 12 000 g for 15 min, and the protein in the supernatant was collected. The protein concentration was determined using coomassie brilliant blue. Eight microlitres of the fluorogenic peptide substrate Z-LR-AMC (100 μM) was added to 72 μL of the cell extracts on ice for 20 min, and the activity was assessed using EnSpire Multimode Plate Readers (PerkinElmer). The fluorescence value was standardized to the protein content.
Assessment of plasma levels of homocysteine
The plasma levels of Hcy were measured using an Hcy detection kit (enzymatic cycling assay) on cobas c311 automatic biochemical analyser (Basel, Switzerland).
DNA extraction and BSP
BSP is the most widely used technique to analyse the DNA methylation status in mammals (Tusnády et al., 2005) . The extraction of DNA was performed by using a DNA extraction kit (Kangweishiji, Beijing, China); the HUVECs were frozen and then thawed in accordance with the manufacturer's instructions. Then, bisulfite conversion of DNA (1 mg) was manipulated with a BisulFlash DNA Modification Kit (EpiGentek, Farmingdale, NY, USA) according to the manufacturer's instructions. After the bisulfite treatment, the DNA was diluted to concentration of 20 ng·mL À1 . Primers sequence of cathepsin V was designed by the MethPrimer, which was as follows: forward, 5 0 -GAATGTAATAGATTGG GAAG-3 0 and reverse, 5 0 -TCAACAAACAAACCTC TA-3 0 . Then, 1 μL DNA sample in 20 μL amplification reaction system, including 10 μL Es Taq MasterMix (Kangweishiji), was amplified with PCR. The PCR amplification programme was as follows: initially the samples were heated to 94°C for 2 min, 35 cycles (including 94°C for 30 s, 50°C for 30 s and 72°C for 30 s for elongation), 72°C for 5 min for elongation. PCR products were purified by gel electrophoresis separation (Kangweishiji). Purified PCR was then linked into PMD 19-T vectors (Takara, Dalian, China). After the plasmid DNA was extracted, the target segment was amplified with PCR using universal primers of 19-T vectors: M13F (À47): CGCCAG GGTTTTCCCAGTCACGAC and M13R (À48): AGCGGA TAACAATTTCACACAGGA. The PCR products were purified and sequenced using a 3730XL DNA analyzer (Applied Biosystems, Foster city, CA, USA).
Data analysis
The values are presented as the mean ± SD of the results obtained from five experiments. The significance of the differences between mean values was evaluated with SPSS (version 19, IBM Software Inc., New York, NY, USA) by a one-way ANOVA followed by the Student-Newman-Keul's test. A P-value of less than 0.05 was considered significant. The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) .
Materials
HUVECs were purchased from ATCC (Rockville, Maryland, USA); THP-1 cells were provided by The Third Xiangya Hospital Experimental Medicine Centre of Central South University, passage 10-15 cells were used in the experiments. LHomocysteine, SAH and 5-AZA were purchased from Sigma Chemical (St. Louis, MO, USA). SID 26681509 was obtained from Tocris Bioscience (Bristol, UK). Primary antibodies targeting phospho-ERK1/2, phospho-STAT1 and ERK1/2 were purchased from Cell Signaling Technology (Danvers, MA, USA), cathepsin V was purchased from R&D System (Minneapolis, MN, USA), cathepsin L was purchased from Abcam; STAT3 and JNK were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA), and those primary antibodies targeting STAT1, p38, ELK1, DUSP6, DUSP7 and DUSP9 were purchased from Proteintech (Wuhan, China). Cathepsin V ELISA kit was purchased from R&D System; CXCL15 ELISA kit was purchased from Abcam; and IL-6, IL-8 and TNF-α ELISA kits were purchased from CUSABIO (Wuhan, China).
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www. guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2015/16 (Alexander et al., 2015a,b) .
Results
L-Homocysteine up-regulated endothelial cells the expression of cathepsin Vin vivo and in vitro
To assess the effects of L-Hcy on cathepsin V expression in vivo, we used a high methionine diet-induced hyperhomocysteinaemic mouse model. Plasma Hcy levels were increased more than 15 μM in hyperhomocysteinaemic mice ( Figure 1A ). In addition, the expression of cathepsin L (human cathepsin V homologous) in the thoracic arteries was increased approximately two-to fourfold ( Figure 1B, C) and mainly expressed in the vascular endothelial cells ( Figure 1D) .
In order to produce a hyperhomocysteinaemic (HHcy) environment similar to that observed in vivo, we incubated HUVECs with different concentrations of L-Hcy. L-Hcy has a temporary inhibitory effect on cell viability/proliferation within 48 h in a concentration-dependent manner, the status of HUVECs could still be restored after 48 h under L-Hcy stimulation even when used at a higher concentration (2.0 mM) (Figure 2A ). Further investigation found that the mRNA and protein levels of cathepsin V were increased in a dosedependent manner under L-Hcy stimulation ( Figure 2C, D) , but the supernatant levels were reduced ( Figure 2B ). It was further demonstrated that cathepsin V was increased in the outside of the nucleus by confocal microscopy ( Figure 2E ). These results suggested that L-Hcy significantly increases intracellular cathepsin V expression in vascular endothelial cells.
Cathepsin L/V inhibitor SID attenuated vascular inflammation in hyperhomocysteinaemic mice
L-Hcy increased cathepsin V expression; therefore, the influence of cathepsin V on vascular inflammation was assessed in hyperhomocysteinaemic mice. As a specific inhibitor of cathepsin L/V, SID decreased the number of leukocytes and the expression of IL-6, CXCL15 (human IL-8 homologous) and TNF-α in the thoracic arteries of hyperhomocysteinaemic mice ( Figure 3A, B) ; the plasma levels of these HHcyassociated inflammatory cytokines were also decreased ( Figure 3C ). These results indicate that the cathepsin L/V inhibitor SID attenuates vascular inflammation in hyperhomocysteinaemic mice.
Cathepsin V mediated the L-homocysteineinduced endothelial inflammation in HUVECs
We next wanted to determine the effects of cathepsin V on L-Hcy-induced endothelial inflammation. Pretreatment of cells with SID incubation for 24 h had no effect on basal level of cathepsin V activity, but SID distinctly inhibited the cathepsin V activity of HUVECs incubated with 2.0 mM L-Hcy ( Figure 4A ). SID also inhibited the monocyte-endothelial adhesion and neutrophil chemotaxis induced by L-Hcy ( Figure 4B, C) . Furthermore, SID reversed the up-regulation of IL-6, IL-8 and TNF-α induced by L-Hcy ( Figure 4D, E) .
In order to further clarify the effects of cathepsin V on endothelial inflammation, the effects of the overexpression of the cathepsin V gene or silencing its gene (mediated by adenovirus infection or siRNA transfection) were investigated. The siRNA-cathepsin V inhibited the up-regulation of cathepsin V induced by L-Hcy ( Figure 5A , B) and reversed the up-regulation of IL-6, IL-8 and TNF-α induced by L-Hcy ( Figure 5C ). After infection of Adv-Cathepsin V, the expression of cathepsin V was up-regulated ( Figure 5D , E), and cathepsin V was located on the outside of the nucleus ( Figure 5F ). Cathepsin V overexpression also significantly increased the expression of IL-6, IL-8 and TNF-α ( Figure 5G ). These results indicate that cathepsin V mediates the LHcy-induced endothelial inflammation in HUVECs.
ERK1/2/STAT1 pathway is involved in cathepsin V-induced inflammatory cytokine expression
Considering that inflammatory cytokines are regulated by cathepsin V at the transcriptional level whereas cathepsin V is mainly expressed in the outside of nucleus, there must be a nuclear translocation mechanism to translate the cathepsin V signal to the nucleus. We evaluated the mechanisms underlying cathepsin V-induced inflammatory cytokine expression by investigating the expression of MAPKs. The overexpression of cathepsin V down-regulated the expression of p38 and JNK, but had no effect on ERK1/2 ( Figure 6A ). As shown in Figure 6B , ERK1/2 was translocated to the nucleus in the cathepsin V overexpression group. This translocation of ERK1/2 was also determined by nucleocytoplasmic separation analysis; ERK1/2 was increased in the nucleus and decreased in the cytoplasm ( Figure 6D ). We also investigated the downstream targets of phospho-ERK1/2, including the transcription factors ELK1, STAT1 and STAT3. When the phosphorylation of ERK1/2 was increased in the cathepsin V overexpression group, the phosphorylation of STAT1 was increased, but the total protein of STAT3 and ELK1 was significantly reduced ( Figure 6C ). Transfection of siRNA-STAT1 inhibited the expression of STAT1 ( Figure 6E, F) and reversed the up-regulation of IL-6 and TNF-α, but not IL-8, induced by L-Hcy ( Figure 6G ). As shown in Figure 6I , the phosphorylation of ERK1/2 and STAT1 was increased in the thoracic arteries of hyperhomocysteinaemic mice; the cathepsin V inhibitor SID reversed this increased phosphorylation of ERK1/2 and STAT1, which is similar to the results obtained in vitro. These results demonstrate that cathepsin V augments IL-6 and TNF-α expression partly via the ERK1/2/ STAT1 pathway in vitro and in vivo. DUSPs inactivate ERK1/2 by dephosphorylating both the phosphoserine/threonine and phosphotyrosine residues. Since cathepsin V activity is dependent upon low pH environment in lysosome and its basic function is to hydrolyze protein, cathepsin V mediates ERK1/2 phosphorylation possibly through degradation of certain protein phosphatases. DUSP6, DUSP7 and DUSP9 only exist in the cytosol and inactivate ERK1/2 in vitro and in vivo whereas they display little or no activity towards either p38 or JNK (Owens and Keyse, 2007) . The overexpression of cathepsin V downregulated the expression of DUSP6 and DUSP7 in the cytosol, but had no effect on DUSP9 ( Figure 6H ). Our results demonstrate that cathepsin V mediates ERK1/2 phosphorylation partly via the degradation of DUSP6 and DUSP7.
DNA demethylation pathway may be involved in L-homocysteine-induced cathepsin V expression
In addition, we preliminarily investigated the potential mechanisms underlying the L-Hcy-induced expression of cathepsin V. DNMT is a key enzyme mediating the epigenetic regulation of gene expression, and DNA hypermethylation in promoter regions is often associated with the downregulation or silencing of transcription (Xu et al., 2014) . Hcy can induce an increase in SAH, which is a major endogenous inhibitor of DNMT (Lin et al., 2014) . We compared the changes in cathepsin V expression in HUVECs incubated separately with either L-Hcy, SAH (endogenous DNMT inhibitor) or 5-AZA (exogenous DNMT inhibitor); both SAH and 5-AZA up-regulated cathepsin V expression, and L-Hcy had a similar effect ( Figure 7A, B) . We also evaluated the DNA methylation of cathepsin V following L-Hcy stimulation in HUVECs by BSP. As shown in our results ( Figure 7C ), methylation of the promoter region of cathepsin V was decreased following L-Hcy stimulation. These results indicate that the DNA demethylation pathway may be involved in the expression of cathepsin V induced by L-Hcy. 
Discussion
The major new findings of this study were that L-Hcy stimulated intracellular cathepsin V expression in endothelial cells probably via the DNA demethylation pathway, and this increased expression of cathepsin V promotes the vascular inflammation partly through the ERK1/2/STAT1 pathway under high homocysteine conditions.
Figure 4
The cathepsin L/V inhibitor SID attenuated L-Hcy-induced endothelial inflammation in HUVECs. (A) HUVECs were incubated separately with either 2.0 mM L-Hcy, 30 μM SID or L-Hcy + SID for 24 h; the cathepsin V activity of a cell protein extract was analysed. (B) The HUVECs described in (A) were subsequently co-cultured with THP-1 cells for 30 min; next, the supernatants and unbound THP-1 cells were discarded, and adherent THP-1 cells were counted. (C) The HUVECs were seeded into the bottom chambers of transwell plates overnight and treated with L-Hcy and SID as described in (A); neutrophils were added to the top chambers and allowed to migrate for 2 h before the number of neutrophils in the bottom wells were counted. (D, E) The mRNA levels and supernatant levels of IL-6, IL-8 and TNF-α were determined separately by real-time PCR and ELISA. The data shown are the mean ± SD of five independent experiments. * P < 0.05.
It is well recognized that vascular inflammation is the basis for the development of cardiovascular diseases (Libby, 2012) . Furthermore, it has been demonstrated that Hcyinduced vascular inflammation is an important player in the pathophysiology of hyperhomocysteinaemia-associated hypertension and atherosclerosis (Familtseva et al., 2016; Platt and Shockey, 2016) . However, it was not clear which factors are responsible for vascular inflammation in hyperhomocysteinaemia. It has been reported that cathepsin V plays an important role in vascular inflammation partly because of its potent elastolytic and collagenolytic activities (Du et al., 2013 ). In the current study, we found that cathepsin L (human cathepsin V homologous) was mainly expressed in vascular endothelial cells rather than smooth muscle cells in the thoracic arteries of hyperhomocysteinaemic mice. Moreover, L-Hcy also significantly promoted intracellular cathepsin V expression in endothelial cells. These results indicate that intracellular cathepsin V may be involved in L-Hcy-induced vascular inflammation in endothelial cells. Our experimental observations revealed that the supernatant level of cathepsin V was decreased in a dose-dependent manner following L-Hcy stimulation ( Figure 2B ), and the release of inflammatory cytokines was increased ( Figure 5C ), which indeed suggests that L-Hcy inhibited cathepsin V secretion and promoted inflammatory cytokine release. Consistent with this notion, it has been reported that cathepsin V concentrations are reduced and inflammatory cytokine level increased in the bronchoalveolar lavage fluid (BALF) of Besnier-Boeck-Schaumann (BBS) patients (Naumnik et al., 2015) .
Cathepsins are lysosomal cysteine proteases and belong to the papain family of proteases that is composed of 11 members, while endothelial cells mainly express cathepsins K, B, S, L and V (Platt and Shockey, 2016) . It has reported that human cathepsin V, but not human cathepsin L, is the analogue of mouse cathepsin L (Yasuda et al., 2004) . Urbich et al. (2005) have demonstrated that cathepsin L is highly expressed in endothelial progenitor cells (EPCs) as opposed to matured endothelial cells and is essential for matrix degradation and invasion by EPC in vitro. It also has been demonstrated that plasma cathepsin L levels are significantly higher in abdominal aortic aneurysm patients than in controls, whereas cathepsins K and V levels are lower (Lv et al., 2013) . These findings suggested that cathepsin V may have a different function from other members of the cathepsin family. The rationale for our focus on cathepsin V in the present study was based on our preliminary findings that that cathepsin V mRNA level was increased the most when compared with cathepsins B and S ( Figure S1 ), whereas the detailed roles of cathepsins B and S in endothelial cells clearly warrant investigation in the future.
Cathepsin V is specifically expressed in humans (Zhou et al., 2015) , indicating that cathepsin V has certain special functions for humans. Surprisingly, this study found that intracellular cathepsin V played a pivotal role in promoting the expression and release of inflammatory cytokines. As reported, cathepsin K knockout reduces macrophage contents and the expression of inflammatory cytokines in the lesion of injury-induced neointimal hyperplasia . Indeed, an elevated expression of inflammatory cytokines (e.g. IL-6, IL-8 and TNF-α) induced by Hcy is described as a typical feature of the inflammatory response of endothelial cells (Poddar et al., 2001; Kamat et al., 2013; Han et al., 2015) .
Inhibition of cathepsin S reduces TGFβ1-induced Smad2 and Smad3 activation in mice subjected to myocardial infarction . Cathepsin K contributes to Notch1 processing and activates downstream signalling, thereby promoting the ischaemia-induced neovascularization . There is increasing evidence that cathepsins modulate cardiovascular remodelling and regeneration by affecting the activity of several intracellular signalling pathways. Our data indicate that inflammatory cytokines are regulated by cathepsin V at the transcriptional level, but cathepsin V is mainly expressed outside of the nucleus. Therefore, there must surely be a nuclear translocation mechanism to translate the cathepsin V signal to the nucleus. We demonstrated that an increased expression of cathepsin V promotes the phosphorylation and subsequent nuclear translocation of ERK1/2. As reported previously, cathepsin S enhances the VEGF/ERK1/2 signalling pathway . We also found that cathepsin V up-regulated the expression of IL-6 and TNF-α, but not that of IL-8, via the ERK1/2/STAT1 pathway. The mechanism by which cathepsin V up-regulates IL-8 remains to be investigated further. In physiological conditions, ERK1/2 is in a unphosphorylated state in the cytosol, but is translocated to the nucleus upon phosphorylation. ERK1/2 phosphorylation is maintained by a balance between MAP kinase and ERK kinase (MEK1/2) activation and is negatively controlled by compounds such as the DUSPs. DUSPs inactivate ERK1/2 by dephosphorylating both the phosphoserine/threonine and phosphotyrosine residues. Since cathepsin V activity is dependent on a low pH environment in lysosomes and its basic function is to hydrolyze protein, cathepsin V mediates ERK1/2 phosphorylation possibly through degradation of certain protein phosphotases. DUSP6, DUSP7 and DUSP9 only exist in the cytosol and inactivate ERK1/2 in vitro and in vivo whereas they displaying little or no activity towards either p38 or JNK (Owens and Keyse, 2007) . Our results demonstrated that cathepsin V mediates ERK1/2 phosphorylation partly via the degradation of DUSP6 and DUSP7, but, not DUSP9. Phospho-ERK1/2 can phosphorylate and activate its downstream signalling molecules (such as transcription factor STAT1) in the nucleus, and phospho-STAT1 will promote the transcription of target genes (such as IL-6 and TNF-α).
A genome-wide analysis revealed that the hypomethylation of chromosomal DNA predominates in atherosclerotic plaques (Aavik et al., 2015) . DNMT is a key enzyme mediating the epigenetic regulation of gene expression, and DNA hypomethylation in the promoter regions is often associated with an up-regulation of transcription (Xu et al., 2014) . In the methionine cycle, which connects Hcy metabolism and the transmethylation reaction of DNA, SAH is hydrolyzed to form Hcy; therefore, increased levels of Hcy inhibit the decomposition of SAH, resulting in the accumulation of SAH. Mild to moderate increases in D-and L-Hcy (30-1000 μM) induce an increase in SAH, which is a major endogenous inhibitor of DNMT (Lin et al., 2014) ; increased levels of SAH promote genomic demethylation (Han et al., 2014) . Thus, these findings indicate that SAH is involved in L-Hcy-induced DNA demethylation. In the present study, we demonstrated that L-Hcy had a similar effect to SAH (endogenous DNMT inhibitor) or 5-AZA (exogenous DNMT inhibitor), which promote the transcription of cathepsin V, an observation that is consistent with published results showing that 5-AZA treatment enhances the mRNA expression and attenuates DNA methylation of cathepsin V (Arai et al., 2008) . Furthermore, we also demonstrated, by BSP, that the methylation of promoter regions of cathepsin V was decreased under L-Hcy stimulation in HUVECs.
Although the concentrations of Hcy were only 15-30 μM in hyperhomocysteinaemic mice, we incubated cells with 2.0 mM L-Hcy in vitro. This concentration was chosen for the following reasons: (i) it is reported that the release of IL-8 from HUVECs is increased after a 24 h incubation with 1.0 mM-10.0 mM Hcy (Elordieta and Calleja, 2005) ; (ii) from our results, it was shown that the status of HUVECs could be Figure 8 Schema of hypothesis that L-Hcy stimulates intracellular cathepsin V expression via a DNA demethylation pathway. Increased cathepsin V promotes the phosphorylation and subsequent nuclear translocation of ERK1/2, phosphorylation of STAT1, expression of inflammatory cytokines, adhesion and chemotaxis of leukocytes and vascular inflammation. The cathepsin L/V inhibitor SID suppresses the activity of cathepsin V, and reverses the up-regulation of inflammatory cytokines and vascular inflammation induced by L-Hcy.
restored after 48 h when stimulated with L-Hcy 2.0 mM indicating that this concentration has no direct cytotoxic effect on the HUVECs; (iii) cathepsin V mRNA levels were increased in a dose-dependent when the cells were stimulated with 0.5-2.0 mM L-Hcy; (iv) the D-type amino acid, being an unnatural amino acid, almost never be metabolized, whereas the half-life of L-Hcy is shorter than that of D-Hcy; (v) in addition, L-Hcy, but not D-Hcy, increases IL-8 expression in human aortic endothelial cells (Poddar et al., 2001) ; and (vi) SAH is a competitive inhibitor of DNMT, only a high concentration or prolonged action of L-Hcy can enhance the level of SAH, which then inhibits DNMT.
Among the available inhibitors of cathepsin (such as E64d and Clik148), SID is a potent and specific human cathepsin L/V inhibitor. It has been demonstrated that 30 μM of SID almost abolished cathepsin V activity (Pribis et al., 2015) . Consistently, we found that 30 μM SID also significantly attenuated the pro-inflammatory effect of L-Hcy. We believe that cathepsin V may become a therapeutic target for the vascular inflammation induced by hyperhomocysteinaemia.
It was recently reported that a first-generation HIV-protease inhibitor saquinavir (SQV) significantly depresses the activity of cathepsin V and blocks cathepsin V-induced TNF-α production (Pribis et al., 2015) . Our next step will, therefore, be to clarify the correlation between cathepsin V, inflammatory cytokines and vascular inflammation in hyperhomocysteinaemic patients and investigate the effects of the antineoplastic drug decitabine (a DNMT inhibitor) and anti-AIDS drug SQV (a cathepsin V inhibitor) on cathepsin V-induced vascular inflammation in hyperhomocysteinaemic animal models.
In conclusion, in the present study it was demonstrated that cathepsin V is a potent stimulus for the production of inflammatory cytokines in the presence of high concentrations of homocysteine, and that this effect is partially mediated by the ERK1/2/STAT1 pathway. The cathepsin V inhibitor SID was an effective strategy for reducing inflammatory cytokine levels in this model (Figure 8 ). These findings may provide a mechanistic basis for therapeutic interventions aimed at reducing L-Hcy-induced vascular inflammation in hyperhomocysteinaemia. Yasuda Y, Li Z, Greenbaum D, Bogyo M, Weber E, Brömme D (2004) . Cathepsin V, a novel and potent elastolytic activity expressed in activated macrophages. J Biol Chem 279: 36761-36770.
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https://doi.org/10.1111/bph.13920 Figure S1 (A) HUVECs were treated with 0.5-2.0 mM L-Hcy for 24 h, real-time PCR was used to assess cathepsins mRNA expression, the control group as a reference in each cathepsin expression analysis. (B) The expression of cathepsin B, S, and V induced by L-Hcy was detected by real-time PCR. The data shown are the mean ± SD of five independent experiments. * P < 0.05. Figure S2 In the absence of primary antibody, the nonspecific binding of the second antibody was not observed.
